ABSTRACT To better understand the host range and factors acting on the population structure of native grape phylloxera, Daktulosphaira vitifoliae (Fitch), Vitis species in 22 central and eastern U.S. states were surveyed for grape phylloxera presence and abundance. Data for frequency of attack and mean number of galled leaves per vine were compared among Vitis species and among six geographic regions deÞned according to topographic, ecological, and heuristic criteria. Four of the seven Vitis species that were identiÞed had been attacked by grape phylloxera and both the frequency of vines that were attacked and the mean number of galled leaves differed among species and regions. In general, V. riparia (Michaux) and V. vulpina (L.) were attacked more frequently than expected and V. cinerea (Englemann) less than expected. The distributions of three of these species, V. vulpina, V. aestivalis (Michaux), and V. cinerea, were largely overlapping, but the distribution of V. riparia was not. It was found, to the near exclusion of other species in the northern United States, in the region formerly occupied by the Laurentide Icesheet. An increasing south to north gradient in phylloxera abundance was observed. Fourteen per cent of the surveyed vines were attacked in the Gulf Coast, 34% in the Central region, and 66 and 64% in the Northcentral and Northeastern regions. The mean number of galled leaves per vine conformed to this trend. In addition, sexual morphs were produced by apterous gallicolae in galls on V. cinerea but not on other Vitis species. This life cycle variant has previously been described only in the southwest United States. These data will be useful for future molecular phylogeographic studies and in the understanding, evaluation, and deployment of phylloxera resistant germplasm.
GRAPE PHYLLOXERA, Daktulosphaira vitifoliae (Fitch), is native to North America, where it induces galls on the leaves and roots of grapevines (Vitis species). It was introduced to both French and California vineyards in the mid-19th century and has subsequently caused extensive economic losses. Its natural history and life cycle are described in detail elsewhere (Riley 1876 , Cornu 1879 , Davidson and Nougaret 1921 , Downie and Granett 1998 . The host range of grape phylloxera is generally given simply as host plants in the genus Vitis, and its geographic range as North America east of the Rocky Mountains (Bioletti 1901 , Davidson and Nougaret 1921 , Wapshere and Helm 1987 , Granett et al. 1996 . There are few data to support a more precise description (but see Downie and Granett 1999) ; anecdotal observations have become ingrained in the literature on native grape phylloxera. The distribution of Vitis species can be gleaned from the taxonomic literature (Munson 1909 , Bailey 1934 , Brizicky 1965 , Rogers and Rogers 1978 , Comeaux et al. 1987 , Moore 1991 but has rarely been systematically described (but see Comeaux et al. 1987) or correlated with grape phylloxera distribution. The geographic distribution of an herbivorous insect is determined in large part by the distribution of the suitable host plants available to it. Suitable host plants may form only a subset of the host species, populations, or genotypes that are thought to comprise an insect speciesÕ host range (Thompson 1994) . Determining the degree of specialization within the presumed host range will provide important insight into the adaptive potential and genetic structure of an herbivorous insect species. In turn, the generation of useful hypotheses and the interpretation of genetic data will rest on a Þrmer foundation if accurate distribution data are available. For species that have expanded their host range onto crop plants, such as grape phylloxera, a better description of the geographic and host plant distribution of the native populations would aid in the formulation of management strategies and location of resistant germplasm.
The primary and most effective method of grape phylloxera control has been host plant resistance derived from native North American grape species. A common assumption of researchers working with grape phylloxera has been that the VitisÐ grape phylloxera relationship is an example of coevolution (Bio-letti 1901 , Wapshere and Helm 1987 , Granett et al. 1996 , Walker et al. 1998 , although no data documenting the reciprocal selective impact of grape phylloxera and native grape species exist. Under this assumption, Vitis species displaying useful resistance to grape phylloxera in laboratory or Þeld assays have evolved resistance to grape phylloxera through exposure to grape phylloxera selective pressure, whereas susceptibility is the result of the absence of such selection (Wapshere and Helm 1987) . Two alternative explanations are that the grape phylloxera tested evolved in association with a Vitis species native to a different geographical region from that being used as a source of resistance and are specialized, and that the Vitis species displaying resistance is a nonhost. These alternative interpretations of Vitis resistance to grape phylloxera cannot begin to be distinguished without knowledge of native phylloxera population structure, which begins with distribution data.
Previously, Downie and Granett (1999) surveyed and compared the distribution and abundance of leaf galling grape phylloxera in two regions of its native range and found differences in abundance among host plant species and between regions. Grape phylloxera were more prevalent in the continuous grape habitat of Missouri and Arkansas than in the fragmented habitat of the U.S. southwest. The grape species V. vulpina (L.) was found to support a large majority of the grape phylloxera population on the Ozark Plateau, whereas smaller populations were found on V. aestivalis (Michaux) and only two transient infestations were found on V. cinerea (Englemann). Vitis riparia (Michaux) was found to be largely parapatric to the other grape species, occurring mostly in the lowland area in the northern part of the surveyed region. It accounted for most of the grape phylloxera not found on V. vulpina. No grape phylloxera were found on 10 V. rupestris (Scheele) clones examined, although these were in proximity to infested V. vulpina vines. A large geographic disjunction between grape phylloxera populations in the southwest United States and grape phylloxera to the east was suggested based on the observation of nongrape habitat over a broad expanse of eastern New Mexico and west-central Texas, and the absence of phylloxera in grape populations (V. doaniana Munson) surveyed in central Texas.
In addition, Downie and Granett (1998) documented a variation in the life cycle in southwest United States grape phylloxera. In the generalized life cycle (Riley 1876, Davidson and Nougaret 1921) , a proportion of leaf galling individuals (gallicolae) migrate to roots where they create galls. Alate sexuparae (morphs producing sexuals) arise from these root feeding morphs (radicicolae) under the inßuence of crowding or deteriorating conditions, and lay eggs of sexual males and females, presumably in the canopy of vines. The female sexual egg is considerably larger than the male or gallicole eggs (Davidson and Nougaret 1921, Downie 1999b) . The sexuals pass through the nymphal molts in an immobile condition that has been described by Stoetzel (1985) as "pupiform" and lack mouthparts as adults. In the southwest United
States it was found that the root feeding and alate morphs have been deleted, and the sexuparae shifted from alatae to apterous leaf galling mothers. This variation has important implications for the mating system because the sexuals are not dispersed by alates.
Here, we extend the previous survey to include most of the North American geographic and host range of grape phylloxera. We also document a more extensive distribution of the life cycle variation previously reported from the southwest United States (Downie and Granett 1998) .
Materials and Methods
The nomenclature of Vitis species given here follows the classiÞcation given in Moore (1991) . Vines were identiÞed to species using the keys found in Moore (1991) , cross-referenced with keys found in Bailey (1934) , and were surveyed for foliar grape phylloxera in June and July of 1999 in the central and eastern United States. Vines were examined for leaf galling phylloxera only. Binoculars were used to carefully scan the canopies of larger vines. Data were collected at locations along roadsides on four primarily east-west transects, following a criterion of approximate 50-km intervals between sites. To sample in a more grid-like pattern across the subcontinent, rather than along linear transects, direction oscillated so that sampling on each transect was periodically conducted along minor and major north-south roads as well as east-west highways. Overall, the survey progressed from south to north to control for host plant phenological differences along a latitudinal gradient. Wild grapevines are found predominantly climbing trees and other vegetation in forest gaps and edges, such as roadsides, riparian habitats, and Þeld borders, but may also be found prostrate or along fence rows. The prevalence of vines along roadsides and failure to locate a better sample by walking into forests (D.A.D., unpublished data) , indicates that surveying in this fashion represents a sufÞcient sample of Vitis diversity. Here, vines were subjectively assigned to size classes on a Þve-point scale, after the Þrst week of the survey. Vine size classes were deÞned relative to the hosts on which they climbed, or the equivalent area if prostrate. The Þve classiÞcations of vines were as follows: (1) vines with canopy area no greater than a juvenile tree (Ϸ3 m in height); (2) vines with canopy area no greater than a mature tree (Ϸ10 m in height); (3) vines with canopy area no greater than two mature trees; (4) vines with canopy area no greater than three mature trees; and (5) vines with canopy area greater than three mature trees. Grape vines were scored for the presence of grape phylloxera, the number of galled shoots on each infested vine was counted, and the number of galled leaves on a sample of Þve galled shoots for each infested vine were counted. By multiplying the mean number of galled leaves per shoot by the number of galled shoots per vine, the number of galled leaves on each infested vine was estimated.
Four to six galled shoots were sampled from infested vines every 300 km on average. All Vitis species at-tacked by phylloxera were sampled. Sampled shoots were held at 10ЊC until returning to the laboratory where they were evaluated for the presence of sexual morphs within leaf galls by dissecting galls. Sexual morphs were identiÞed by the larger size of sexual female eggs, relative to gallicole eggs, by the pupiform condition of immature sexuals, and by the absence of mouthparts on newly eclosed adults that had not yet left galls. Oviposition by apterous gallicoles was either inferred by the presence of a single apterous adult in galls, or by observing eggs being extruded by the individual adult in a gall.
The frequency of vines attacked by phylloxera and the mean number of galled leaves per vine were compared among host species, and among six geographic regions that were deÞned primarily according to a priori observations of topographic or ecological breaks that could affect the distributions, and as a consequence the population structure, of Vitis species and phylloxera ( Fig. 1 ). These six regions were as follows:
(1) eastern Texas and southwestern Oklahoma; (2) the Gulf Coast region -deÞned as the Altamaha River (Georgia) drainage to the east, the Gulf of Mexico to the south, the Texas state line to the west, and the highlands of northern Georgia, Alabama, and Mississippi to the north; (3) the Central region -deÞned by the lowlands of the Gulf Coast to the south, eastern Kansas and the Ouachita Mountains of eastern Oklahoma to the west, the Ohio and Missouri Rivers to the north, and the Appalachian Mountains to the east; (4) the Atlantic CoastÐPiedmont region -deÞned by the Appalachian Mountains to the west, the Atlantic Ocean to the east, Chesapeake Bay and the Potomac River to the north, and the Altamaha River drainage to the south; (5) the Northcentral region -deÞned by the Indiana state line to the east, the Ohio and Missouri Rivers to the south, the Great Lakes and Canadian border to the north, and the Dakotas to the west; and (6) the Northeast region -deÞned by the Ohio and Potomac Rivers to the south, the Atlantic Ocean to the east, Lakes Erie and Ontario to the north, and the Indiana state line to the west.
A few of the regional boundaries are arbitrary. Based on molecular studies (Avise 1992) , the Altamaha River drainage has been shown to constitute a biogeographic break separating eastern and western populations of freshwater Þsh. Such a break may not be relevant to terrestrial species. A posteriori observations suggest that the Texas state line coincides reasonably well with a vegetation and climatic ecotone (D.A.D., unpublished data). A change in Vitis species distribution that occurs here supports this boundary as an area of ecological signiÞcance. The Indiana state line is more arbitrary as a biogeographic boundary but was a convenient location to divide the large northern region of the United States for heuristic purposes. It was approximately where V. riparia became the only Vitis species present.
For the data analysis, the numbers of vines of Vitis species i or in region j that were attacked by phylloxera were compared with their expectations by chisquare tests. If the probability of attack was equal among host species, then the frequency of attacked vines for a given host would be proportional to itÕs representation in the sample, and
where N i is the number of vines of species i (or in region j), N T is the total number of vines surveyed, and X T is the total number of attacked vines. It is assumed that vines of all Vitis species in both infested and uninfested classes had a probability of being sampled equal to their representation in the landscape. This analysis was performed over the whole data set and within regions separately.
The number of galled leaves per vine was regressed on vine size class to determine how the size of a vine (amount of resource) affected the number of galled leaves. The means for size class among Vitis species were compared by analysis of variance (ANOVA) to determine if there were systematic biases in size among species that might affect comparisons of the means for number of galled leaves per vine. Subsequently, to remove the effect of vine size on these comparisons, vine size class was used as a covariate in analysis of covariance (ANCOVA) that used the number of galled leaves as the dependent variable. This analysis used a truncated data set because vines were not scored for size class the Þrst week of the survey. This omission strongly affected the sample size for V. cinerea, so a simple ANOVA using the full data set was performed as well. Differences in the mean number of galled leaves among Vitis species within and among regions, and among regions not considering Vitis species, were compared after log transformation of the data by ANOVA (among Vitis species and among regions) or where transformation of the data were not adequate to meet the assumptions of ANOVA by nonparametric KruskalÐWallis one-way ANOVA or MannÐWhitney U tests (among Vitis species within regions). SigniÞcance levels for multiple comparisons were adjusted with the Bonferroni correction. All sta- tistical analyses were executed using SYSTAT ver. 5.05 (Wilkinson et al. 1991) .
Voucher specimens of grape phylloxera collected from all attacked Vitis species in 38 locations were deposited at the Bohart Museum at the University of California, Davis.
Results

Distribution of Grape Phylloxera and Vitis Species.
Grapevines (n ϭ 613) were identiÞed and surveyed for grape phylloxera presence and abundance in 277 locations along 12,160 km of roadside in 22 states. Seven species of Vitis were identiÞed (subspeciÞc or varietal designations are noted below but are not distinguished in the data). These were V. vulpina, V. cinerea, V. aestivalis, V. riparia, V. mustangensis (Buckley) 
. Four of these species were found to be attacked by grape phylloxera, with the degree of infestation varying between host species (Fig. 2) .
Eastern Texas, Southwestern Oklahoma Region. V. mustangensis dominated in the xeric vegetation assemblage of eastern Texas, giving way to V. vulpina, V.aestivalis, and V. cinerea in southwestern Oklahoma. No phylloxera were found on V. mustangensis (n ϭ 28), or on any of the other grape species surveyed in this region (n ϭ 52) (Fig. 3) .
Gulf Coast Region. V. cinerea and V. rotundifolia were the dominant grape species in the Gulf Coast region. Phylloxera were never found on V. rotundifolia; though wherever it occurred (n ϭ 97) (Fig. 2) it was frequently adjacent to infested vines of V. cinerea in this region, and of V. vulpina and V. aestivalis in the Central and Atlantic Coast-Piedmont regions. V. vulpina and V. aestivalis were found only infrequently; V. vulpina just once south of Ϸ34.5Њ N latitude. Consequently, within the Gulf Coast region, V. cinerea was the predominant host for grape phylloxera (Fig. 3) , although the overall frequency of attacked vines in the region was low (14.7%) (Fig. 4A) . V. vulpina and V. aestivalis were attacked more frequently than expected based on their representation in the sample ( 2 ϭ 5.53 and 5.44 for V. vulpina and V. aestivalis respectively, df ϭ 1, P Ͻ 0.05). V. cinerea vines could be assigned to either variety baileyana or variety floridana and V. aestivalis to variety aestivalis based on leaf and shoot characters.
Central Region. V. aestivalis was dominant on the western slope of the Appalachians in Tennessee, though not in Virginia (see below). In general, V. vulpina, V. aestivalis, and V. cinerea co-occurred from eastern Tennessee to Oklahoma. The ranges of these three species overlap extensively. They were found co-occurring throughout the Central region. V. aestivalis was found more frequently in drier sites, whereas V. cinerea was often found in more mesic sites, although this distinction was by no means absolute. In contrast to the Gulf Coast and Atlantic CoastÐPied-mont, the frequency of attacked vines was high in the Central region (33.5%) (Fig. 4A) . V. vulpina supported a signiÞcantly larger share (74.6%) of attacked vines than expected ( 2 ϭ 9.46, df ϭ 1, P Ͻ 0.01) (Fig.  3) .
Atlantic Coast-Piedmont Region. The composition of Vitis species on the Atlantic CoastÐPiedmont was similar to that of the Gulf Coast to northern North Carolina, where V. vulpina became more prevalent (primarily on the Piedmont). V. labrusca was found exclusively along the eastern slope of the Appalachian Mountains in northwestern North Carolina and southwestern Virginia, and no phylloxera were found on this species (n ϭ 18). V. labrusca was not found on the western slope of the Appalachians (within the Central region) at this latitude (36 Ð37Њ N), but V. aestivalis was found at higher altitudes, with V. vulpina as well as V. aestivalis and V. cinerea further downslope. This change in Vitis species composition coincided with a discontinuity in grape phylloxera distribution. Along this transect, grape phylloxera were not found from the west slope of the Appalachians until V. vulpina was encountered well onto the Piedmont, a distance of Ͼ100 km. The discontinuity in grape phylloxera distribution observed at the Appalachian crest at this latitude was not found further north in west-central Virginia (38 Ð39Њ N) where V. vulpina continued to predominate on both slopes of the mountains as well as on the crest. These vines were heavily attacked by phylloxera at all elevations. The frequency of grape phylloxera infested vines was relatively low on the Atlantic CoastÐPiedmont (20.0%) (Fig. 4A) , infestations were found exclusively on V. cinerea and V. vulpina.
Northcentral and Northeast Regions. In the Northcentral and Northeast regions, V. riparia was by far the dominant grape species, accounting for 78.7% of all vines surveyed (n ϭ 141) (Fig. 3) . The transition from V. vulpina to V. riparia was sharp in northern Pennsylvania, but more gradual in Ohio and Indiana. Vitis Fig. 2 . Frequencies of Vitis species identiÞed in this study (light bars) and their proportions of the total number of vines attacked by leaf galling grape phylloxera (dark bars) in the central and eastern United States. Asterisks denote that proportions were signiÞcantly different than expected given the frequency of the Vitis species in the survey. Chi-square tests with df ϭ 1; *, P Ͻ 0.05; **, P Ͻ 0.01. species other than V. riparia were not often encountered north of the Missouri or Ohio rivers in this study, or in the study of Downie and Granett (1999) . Conversely, V. riparia was seldom found south of a boundary deÞned by the Missouri, Ohio, and Potomac rivers. Populations of V. aestivalis variety bicolor were found in western Pennsylvania and eastern Ohio. V. riparia accounted for 96.8% of the Vitis species abundance in the Northcentral region (Fig. 3) . Grape phylloxera frequency was extremely high in both the Northcentral and Northeast regions (65.6 and 63.6% of surveyed vines for the Northcentral and Northeast regions, respectively) (Fig. 4A) .
Per Vine Abundance of Grape Phylloxera. The number of galled leaves per vine increased with vine size class, but the relationship explained a small proportion of the variance (r 2 ϭ 0.23, P Ͻ 0.01). The ANOVA for mean size class was signiÞcant (F ϭ 3.17; df ϭ 5, 345; P ϭ 0.008). V. riparia mean size class (mean Ϯ SE, 1.6 Ϯ 0.07) was smaller than V. vulpina (2.0 Ϯ 0.09) or V. rotundifolia (2.2 Ϯ 0.24). Other comparisons were not signiÞcant. A signiÞcant difference in the mean number of galled leaves per vine among Vitis species was observed by ANCOVA (F ϭ 4.48; df ϭ 3, 142; P ϭ 0.005). V. riparia had more galled leaves per vine on average than V. aestivalis (mean number of galled leaves per vine ϭ 162.5 Ϯ 34.6 and 16.83 Ϯ 7.7 for V. riparia and V. aestivalis, respectively). Using simple ANOVA with the larger data set, signiÞcant differences in the mean number of galled leaves per vine among Vitis species remained (F ϭ 4.51; df ϭ 3, 185; P ϭ 0.004), both V. cinerea and V. aestivalis showing lower means than V. riparia (35.1 Ϯ 6.6 and 27.0 Ϯ 8.9 galled leaves per vine for V. cinerea and V. aestivalis, respectively, V. riparia as above) (Fig. 5) . This result contradicts the expectation of fewer galled leaves on smaller vines found in the regression analysis and suggests that V. riparia is highly susceptible to grape phylloxera leaf galling, consistent with anecdotal observations. Differences in means for this variable were not observed among Vitis species within regions (KruskalÐWallis one-way ANOVA and MannÐWhitney U statistic nonsigniÞcant for all tests) (Fig. 6) .
Differences among regions in the mean number of galled leaves per vine (F ϭ 3.23; df ϭ 4, 166; P ϭ 0.014) Fig. 3 . Frequency of Vitis species identiÞed (light bars) and their proportions of the total number of vines attacked by leaf galling grape phylloxera (dark bars) within each geographic region as deÞned in the text. Asterisks denote frequencies that were signiÞcantly different than expected given the frequency of Vitis species within regions. Chi-square tests with df ϭ 1; *, P Ͻ 0.05; **, P Ͻ 0.01. arose because vines in the Northeast region had more galled leaves than vines in the Central or Atlantic CoastÐPiedmont regions (Fig. 4B ). This geographic difference is necessarily confounded with the host plant effect of a high level of infestation on vines of V. riparia. Both the frequency of vines attacked by phylloxera and the mean number of galled leaves per vine increased on a south to north latitudinal gradient (Fig.  4 A and B) .
Life Cycle Variation. The variant life cycle described by Downie and Granett (1998) in the southwest United States was found in the current study. Sexual morphs in all stages of development were found in leaf galls on 11 of 21 sampled V. cinerea vines. Apterous gall mothers were present in these galls and were observed to lay sexual eggs. These V. cinerea vines were sampled in Georgia and Mississippi in the Gulf Coast, Arkansas, and Kentucky in the Central, and Virginia in the Atlantic CoastÐPiedmont. The proportion of galls containing sexual morphs was low (0.17 Ϯ 0.05), consistent with early summer observations in the southwest (Downie and Granett 1998) . No sexual morphs were found on any sampled vines of any other Vitis species attacked by grape phylloxera in any location (Table 1) , although infested V. vulpina and V. aestivalis co-occurred with V. cinerea vines that harbored sexual morphs. Frequency of vines of all Vitis species attacked by leaf galling grape phylloxera within each geographic region in the central and eastern United States. Asterisks denote frequencies that were signiÞcantly different than expected given the regional frequency of the total number of vines surveyed. Chi-square tests with df ϭ 1; *, P Ͻ 0.05; **, P Ͻ 0.01. (B) Mean number of galled leaves per vine on all species of Vitis attacked by grape phylloxera within each region. Means were signiÞcantly different (F ϭ 3.23; df ϭ 4, 166; P ϭ 0.014). Geographic regions are as deÞned in the text, abbreviations as in Fig. 1.   Fig. 5 . Mean number of galled leaves per vine (ϮSE) on species of Vitis found to be attacked by leaf galling grape phylloxera over all geographic regions. Differences were signiÞcant (F ϭ 4.51; df ϭ 3, 185; P ϭ 0.004). V. riparia had more galls per vine than either V. cinerea or V. aestivalis, but not V. vulpina. 
Discussion
The host range of grape phylloxera is usually given as the genus Vitis, but the results reported here suggest that grape phylloxera is more narrowly adapted. Only four of seven Vitis species were found to be attacked by grape phylloxera. Among these four species, levels of attack were not equal. The majority of the phylloxera population in the central and eastern United States in this study and in a study that surveyed grapes in Missouri (Downie and Granett 1999) were found on two species with largely nonoverlapping distributions, V. riparia and V. vulpina. Only six of the 12 North American Vitis species for which there are observations have been attacked by phylloxera in natural populations (Granett et al. 1991 (Granett et al. , 1992 Downie and Granett 1999; this study) . These data suggest that grape phylloxera has not expanded its host range broadly over Vitis species. Constraints on grape phylloxera adaptation and range expansion may be a result of insufÞcient genetic variation for behavioral or physiological traits related to host. Purely physical features of host plants, such as dense leaf and shoot pubescence, or of the abiotic environment, such as extremes of temperature or moisture, may constrain range expansion regardless of the extent of genetic variation in an herbivorous species. Alternatively, variation among years in both abundance and in the frequency of attacked vines on different Vitis species (Downie and Granett 1999 ) could occur. Thus, different conclusions might be drawn from surveys in different years. It would be worthwhile to monitor populations of native grape phylloxera over a number of years to distinguish between these alternatives.
A striking feature of the data reported here is the observation of increasing abundance of grape phylloxera on a south-north latitudinal gradient (Fig. 4 A  and B) . It is not possible to distinguish, based on these data, between hypotheses that explain this pattern based on host plant susceptibility, and those that invoke other biotic, or abiotic inßuences. Abiotic inßu-ences, such as the desiccating inßuence of a dry climate, are suggested by the absence of phylloxera in eastern TexasÐsouthwestern Oklahoma on Vitis species that are attacked elsewhere (Fig. 3 ) although present at similar frequencies (in the Gulf Coast). Phylloxera are found in the arid southwest, but they are found in canyons where microclimate may ameliorate the inßuence of the dry climate. Much of the pattern may be explained by invoking the high frequency of the nonhost species, V. mustangensis and V. rotundifolia, in eastern TexasÐsouthwestern Oklahoma and the Gulf Coast regions, and the dominance of a highly susceptible host, V. riparia, and low Vitis species diversity, in the Northcentral and Northeast regions.
The distribution of Vitis species is often nonoverlapping, as shown here by the extremely low frequency of species other than V. riparia in the Northcentral and Northeast regions and the near exclusion of V. vulpina and V. aestivalis from the Gulf Coast region. This distribution may impose a pattern of both selective and stochastic factors such that populations of grape phylloxera may be specialized on the Vitis species within a region. Local adaptation at this geographic scale has been supported in greenhouse experiments that tested southwestern United States grape phylloxera on the southwestern grape V. arizonica and on the genotypes of V. riparia. No galls were formed on any of the V. riparia genotypes tested, although differences in performance were not observed among genotypes of V. arizonica collected from isolated canyons in Arizona (Downie 1999a (Downie , 1999b ). This pattern is consistent with ThompsonÕs geographic mosaic of coevolution (Thompson 1994) , but differs from the view of coevolution usually applied by researchers working in the grape phylloxera-Vitis system (Wapshere and Helm 1987 , Granett et al. 1996 , Walker et al. 1998 . Under this traditional view, host plant resistance traits in Vitis have evolved as a direct consequence of phylloxera selective pressure. The evaluation of Vitis resistance to grape phylloxera may need to consider the effect of geographic differentiation and specialization in the ancestral grape phylloxera populations when testing resistant germplasm from a given region. Support for this hypothesis of the coevolution of Vitis and grape phylloxera may come from molecular data on the phylogeography of grape phylloxera that demonstrate concordance between the geographic distribution of haplotypes and the geographic distribution of Vitis species (Thompson 1994) . Linking pest populations of grape phylloxera to their relatives in the native range through molecular techniques may enhance efforts to locate useful resistance by focusing the search in appropriate geographic regions.
The hypothesis that sympatrically occurring host species may promote genetic differentiation in parasitic herbivores is still in need of further testing in grape phylloxera. Sexual morphs arising in leaf galls by apterous sexuparae, a life cycle feature recently described in grape phylloxera in the southwest United States on the species V. arizonica (Downie and Granett 1998) , were found on only one (V. cinerea) of three often sympatric Vitis species. If this life cycle variation is a result of genetic differentiation in the phylloxera found on V. cinerea, support for the hypothesis of the maintenance of genetic differentiation by host plant selection would be found but not the origin of genetic differentiation because the differentiation may have occurred in allopatry. How closely related are the southwestern populations to those on V. cinerea? Molecular studies are underway to address this, as well as other questions raised by research on native grape phylloxera distribution and population structure.
It should be noted that the conclusions drawn here are in reference to leaf galling grape phylloxera and may not extrapolate to root feeding phylloxera without modiÞcation. It is worth pointing out here that observations of small numbers of grape phylloxera and absence of tuberosities (galls on hardened roots) on roots of North American Vitis species has been interpreted as a consequence of host plant resistance evolved through phylloxera selective pressure (Wapshere and Helm 1987) . These galls are formed in abundance in vineyard situations on the wine grape V. vinifera L. (an introduction from the Middle East where grape phylloxera are not native) and cause more severe damage than galling on unhardened rootlets (nodosities), for which the plant is apparently able to compensate. This interpretation (1) ignores the fact that in native grape phylloxera most population growth occurs on leaves, with roots being a secondary resource later in the season. This pattern of resource use would constrain the development of large populations on roots. This interpretation (2) implies that formation of tuberosities by grape phylloxera was at a high enough frequency at some time in the past to have had a selective impact on populations of Vitis species. An alternative hypothesis is that the formation of tuberosities is a derived character in the pest populations feeding on novel hosts. To test this hypothesis, more sampling of the roots of Vitis species is needed to quantify the current frequency of tuberosity formation, in addition to molecular work and laboratory bioassays.
In summary, it was found that only a subset of Vitis species are attacked by leaf galling grape phylloxera and the majority of the attack in the central and eastern United States is on only two of these species. The distribution of Vitis species was such that a broad scope for differentiation of native grape phylloxera exists both among allopatric and sympatric populations. It is suggested that these Þndings have important implications for how resistance in Vitis germplasm is interpreted and located.
